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ABSTRACT

In this research, the adsorption mechanism of the saturated brine cations (Fe?*, Mg?* and Ca?*) on the
negatively charged PVD membrane was investigated. The separation mechanism of the cations was cake
deposition on the membrane surface due to adsorption. This was justified on the basis of Hermia block-
ing laws and surface cake analysis. Three equilibrium adsorption isotherms, Langmuir, Freundlich and
Redlich-Peterson were fitted to the quasi-equilibrium adsorption data which were calculated using exper-
imental flux and rejection. The Freundlich and Redlich-Peterson isotherms were found to well represent
the measured sorption data on the basis of the acceptable coefficients of determination (12). An increase in
temperature and pressure enhances the adsorption characteristics of the cations. However there are some
limitations for pressure increment. For all cations, the significant thermodynamic parameters such as AG®,
AH° and AS° were calculated, compared and explained on the basis of charge density and hydration
radius. The results indicate that the adsorption of cations on the nanofiltration membrane is endother-
mic and spontaneous due to positive AH° and negative AG°. The optimum temperature and pressure for

sorption of the cations on PVD membrane were determined as 40 °C and 10 bar, respectively.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The ability of nanofiltration membranes for processing salty
solutions is partially based on the presence of chemical functional
groups carrying positive or negative charges. This is an interest-
ing technique in many aspects [1,2]. The fouling mechanism of the
charged nanofiltration membrane is represented by sieving and
electrostatic properties of the membrane [3]. In some cases, the
membrane surface charge attracts the solution counter ions and the
electrostatic interactions lead to considerable adsorption of parti-
cles on the membrane.

The adsorption mechanism and thermodynamic analysis in
the field of membrane processes have recently obtained more
attention. Mathematical models for adsorption of proteins on
affinity membranes were presented using the equilibrium adsorp-
tion isotherms [4,5]. These models consider convection, diffusion
and adsorption kinetics described by the Langmuir or Freundlich
isotherms. The adsorption of papain on the nylon membranes
was interpreted with pseudo-second-order kinetic models like
Freundlich adsorption isotherm [6]. The adsorption-transport
mechanisms of sulfate and chloride anions through PVD membrane
were interpreted by the current authors [7] using both Langmuir
and Freundlich isotherms. The thermodynamic analysis of adsorp-
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tion indicates the feasibility and spontaneity of the adsorption
process. This has been performed in previous studies [5,6]. A precise
identification of the thermodynamic parameters such as AG°, AH°
and AS° for adsorption leads to optimization of operating condi-
tions such as temperature and pressure for removing the impurities
from the solutions. However intensive membrane fouling due to
high adsorption potential is a major limitation. Flux may be dimin-
ished to a critical value due to high adsorption on the membrane
surface.

There is a strong motivation for finding a technique that allows in
situ measurement of the adsorption properties of the membranes
[8]. For interpretation of the sorption from binary or ternary metal
solutions both mono-component and multi-component isotherms
were employed. The results show the mono-component models are
easy to use and successfully predict metal ions sorption from the
multi-metal systems [9,10].

In the current study separation mechanism, isotherms and
thermodynamic analysis for adsorption of metal cations on the
negatively charged nanofiltration PVD membrane were investi-
gated. Two-parameter equilibrium adsorption isotherms, Langmuir
and Freundlich and a three-parameter isotherm, Redlich-Peterson
were employed to fit the sorption data at three pressures of 8,
10 and 15bar and three temperatures of 20, 30 and 40°C. The
effects of temperature and pressure on adsorption mechanism
of cations were determined. The thermodynamic parameters of
cation adsorption on the membrane were calculated and com-
pared.
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2. An overview of adsorption isotherms
2.1. The Langmuir model

The Langmuir adsorption isotherm [11] is the most widely used
for adsorption of a pollutant from a liquid solution given the fol-
lowing hypothesis:

® The adsorbed layer is one molecule thick (monolayer adsorp-
tion).

@ Adsorption occurs at homogeneous sites within the adsorbent.

® Adsorptional energy is constant and does not depend on the
degree of occupation of an adsorbent’s active centers.

@ All sites are identical and energetically equivalent.

® The adsorbent is structurally homogeneous.

® There is no interaction between molecules adsorbed on neigh-
boring sites.

The Langmuir equation is represented as:

kc

1+kc (1)

where q is equilibrium adsorbed amount per dry adsorbent mass
(mg/g), gs is the final adsorbed amount (mg/g), c is the adsorbate
equilibrium concentration in solution (mg/l) and k is a constant
reflecting the affinity of the membrane for the metal ions.

q=ds

2.2. The Freundlich model

The empirical Freundlich isotherm [9,12] is used to describe the
multilayer adsorption with interaction between molecules, on a
heterogeneous sorbent surface. This isotherm can be expressed as:

q = kc™ (2)

where q is sorption at equilibrium (mg/g), c is the residual ion con-
centration at equilibrium (mg/1), k is the relative sorption capacity
and m is an indicator of sorption intensity or surface heterogene-
ity. The value of m indicates the degree of non-linearity between
solution concentration and adsorbed phase as follows: if m is equal
to unity, the adsorption is linear; if the value is below unity, this
implies that the adsorption process is chemical and the surface
is relatively homogeneous; if the value is above unity, adsorption
is a physical process and the sorbent is relatively heterogeneous.
In recent case, the sorption favorability and the adsorption site’s
homogeneity increased, approaching m-value to unit.

2.3. The Redlich-Peterson model

Redlich-Peterson [12] is a three-parameter empirical equation
which may be used to represent adsorption equilibria over a wide
concentration range and can be applied either in homogeneous or
heterogeneous systems. This isotherm is represented by

kc
=500 3)

where k and b are isotherm constants and m is an exponent which
indicates the non-linearity of the adsorption systems. Eq. (3) is sim-
plified to the Freundlich isotherm at high adsorbed concentration
and to the Langmuir isotherm when m=1.

q

3. Materials and methods
3.1. Feed

Saturated brine was used as the feed. This solution was obtained
from Cholor-Alkali Unit in Emam Khominei Seaport Petrochemical

Table 1
The concentrations of different solutes in the feed.

Solute Concentration
NaCl 290¢g/1

S04 8.0g/l
Mg2* 9.2 mg/l
Ca?* 8.2mg/l
FeZ* 0.8 mg/l
Table 2

Physical properties of the ions in the feed [13,14].

Ion Ionic radius (nm) Hydration radius (nm) Hydration enthalpy (kJ/mol)
Na* 0.095 0.365 418
Cl- 0.181 0.347 338
S04%~ 0.23 0.38 1138
Mg?*  0.065 0.429 1923
Ca* 0.1 0.349 1653
Fe?* 0.055 0.435 1981

Plant (Iran). The pH of the solution was in the range of 8.5-9. The
concentrations of various solutes available in the solution are pre-
sented in Table 1. Physical properties of the ions in the feed are
depicted in Table 2 [13,14].

3.2. Analysis

Concentrations of Na*, Fe2*, Ca2* and Mg2* were determined
by Atomic Absorption Spectrophotometry (AA-6300 Shimadzu).
S042~ and CI~ analysis were performed using lonic Chromatogra-
phy (761 Compact IC, Metrohm).

3.3. Membrane

PVD (hydranuatics) polymeric membrane was employed for
experiments. Characteristics of the membrane are presented in
Table 3 [7,14].

3.4. Experimental set-up

Fig. 1 depicts the schematic of the experimental set-up. In the
experimental trails, the cross-flow batch concentration process
method was selected. It means that permeate flow was taken out
of the loop and retentate flow was completely returned to the tank.
For this purpose a high-pressure pump was employed. On the other
hand, pipelines and fittings including the cell, which holds the
membrane, must be able to tolerate high pressure. Characteristics
of the pump were: Qmax =480 1/h, Pmax =80 bar, Tjax = 50 °C. Exclud-
ing some parts of the line that were stainless steel, other parts were
high-pressure hoses. The system consisted of a valve to control the
applied pressure by the pump and a by-pass valve. These valves
were used to control the flow and the pressure. The cell consisted of
two cubic parts and was made of a specific alloy. A membrane with
the area of 0.0023 m? was sandwiched between two parts. There
were two ducts connected to two hoses. One of these hoses was
the feed inlet and the other was retentate out let. The rectangular

Table 3

Characteristics of PVD membrane [7,14].

Membrane PVD

Skin material Polyethylene terphetelete

Support material Bis(phenol A polysulfone)

Surface characteristic Smooth
Support characteristic Coarse fiber
Membrane structure Two layer
Mass per sheet (g) 0.76
Thickness (pm) 150
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Fig. 1. Schematic diagram of the experimental set-up. (1) Feed tank, (2) pump,
(3) valve, (4) pressure gauge, (5) cross-flow cell, (6) membrane, (7) permeate, (8)
balance, (9) concentrate and (10) by-pass.

membrane was cut exactly to cover the whole area of the pool
in one part of the cell. This part had three holes at the bottom to
exit the permeate flow out of the cell. The membrane settled on a
resistant compact foam layer to protect it against deformation and
displacement. Upper part and lower part of the cell were exactly
symmetrical and have the same dimensions. After putting the
foam into the pool of the lower side, the membrane placed to cover
the foam. An o-ring was placed between two parts of the cell.

In the flow line there were two oil pressure gauges (0-60 bar) to
show the pressure of concentrated phase before and after the cell.
The tank was a plastic vessel with the capacity of 101. There was a
by-pass before the feed inlet to recycle extra feed to the tank. There
were two valves in the by-pass flow and retentate flow to adjust the
main flow rate and desired operating pressure.

3.5. Filtration procedure

Before starting the experiments, the membrane was soaked in
50% water—ethanol mixture for 10 min. For the first experiments
the feed was poured into the tank and filtrate at 40°C and 8 bar
for 210 min. The other measures were performed similarly at dif-
ferent pressures and temperatures. Samples of permeate collected
every 30 min to follow variation in permeate flux. Analysis of the
permeate samples for each solute was the basis for evaluation of
the rejection (rej) using:

rej (%) = (1 - Cﬁ) « 100 (4)
Co

where ¢, and ¢q represent the solute concentration in permeate and

feed, respectively.

4. Results and discussion

The cations rejection curves at T=40°C and three pressures
are depicted in Figs. 2-4. The results at P=8 bar and three tem-
peratures are presented in Figs. 5-7. The flux curves at different
pressures and temperatures are shown in Figs. 8 and 9. Rejection
was increased and flux was decreased during all trials as expected
in pressure-driven including nanofiltration process.
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Fig. 2. The rejection of the PVD membrane for Fe?*-ions at 40 °C and different pres-
sures.
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Fig. 3. The rejection of the PVD membrane for Ca2*-ions at 40 °C and different pres-
sures.

4.1. Separation mechanism

The spatial distribution of adsorbed species along the mem-
brane, i.e. membrane surface or internal pores, may be well
understood by elucidating the separation mechanisms. Filtration
mechanism can be determined using blocking laws [15]. For a mech-
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Fig. 4. The rejection of the PVD membrane for Mg?*-ions at 40°C and different
pressures.
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Fig. 5. The rejection of the PVD membrane for Fe?*-ions at 8 bar and different tem-

peratures.
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Fig. 6. The rejection of the PVD membrane for Ca2*-ions at 8 bar and different tem-
peratures.

anism of pore blocking the plot of exp(t) versus v should be linear.
Fore cake (gel) deposition t/v versus v is linear and for internal
pore-closure t/v versus t is linear. For filtration of the saturated
brine, the plot of exp(t) versus v is completely non-linear (Fig. 10).
The linearity of the plots is the criterion for interpretation of filtra-
tion behavior. However this should be coupled with other evidences
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Fig. 7. The rejection of the PVD membrane for Mg2*-ions at 8 bar and different
temperatures.
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Fig. 8. The flux of the PVD membrane at 40 °C and different pressures.
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Fig. 9. The flux of the PVD membrane at 8 bar and different temperatures.

for elucidation of the mechanism. The plots of t/v versus time and
permeate volume are almost linear (Figs. 11 and 12), i.e. cake depo-
sition, internal pore-closure or both may be the dominant filtration
mechanism for separation of available ions in the solution using
membranes. For further illustration of the filtration mechanism, the
analysis of the surface cake or other observations may be employed.

The cations in the solution; Fe?*, CaZ* and Mg2*, are strongly
adsorbed on the negatively charged membrane surface due to the
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Fig. 10. Mechanism determination of saturated brine using PVD membrane (exp(t)
Versus v).
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Fig. 11. Mechanism determination of saturated brine using PVD membrane (t/v
Versus v).

electrostatic attraction. In another study from the current authors
[14], an orange cake formed on the membrane surface was ana-
lyzed. Data confirmed the presence of Fe(OH)s; in the deposition.
The published reports [14,16] indicate that Fe2*-ions compel other
cations in the solution to deposit on the membrane surface. This
means, the separation mechanism for cations; Fe?*, Ca2* and Mg?2*,
is cake deposition on the membrane surface. The superior linearity
of t/v versus v plot confirms this conclusion. The negative surface
charge of the membrane is covered due to the deposition of the
cations. This phenomenon is called “screen phenomenon” [7,16,17].
Therefore, the anions can easily enter into and pass through the
membrane without any noticeable electrostatic interactions [7].
Furthermore, low rejection of anions observed during filtration
indicates that anions mainly enter into the membrane and cross it
to appear in the output permeate. Consequently, the internal pore-
closure is the filtration mechanism for separation of anions in the
solution. The acceptable linearity of t/v versus t plot as the other
proper alternative for filtration mechanism confirms this conclu-
sion. Table 1 clearly shows that NaCl has the most concentration
(about 97%) among the available ions in the solution. Accordingly
the passage of Na* ions through the membrane is a requisite for
passing Cl—-ions due to the electron neutrality of permeate. A sum-
mary of the above discussion is presented in Table 4.

4.2. Isotherms confirmation
Available cations in the solution encountering the membrane

are assumed to be in quasi-equilibrium with the cations in the
adsorbed phase. The latter is formed on the membrane during the
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Fig. 12. Mechanism determination of saturated brine using PVD membrane (t/v
versus t).

Table 4

Filtration mechanism of the ions in the system.

lon Separation mechanism

Mg?*, Fe?*, Ca** Surface cake formation (due to adsorption)

Cl- Internal pore-closure

Na* Internal pore-closure (due to electron neutrality)
S04%~ Internal pore-closure

filtration process. In fact, a very long term is required to establish a
real thermodynamic equilibrium in the system. The adsorption on
the membrane surface was realized as the dominant mechanism
for separation of cations from the solution. Therefore, we tested and
adjusted the equilibrium parameters for three isotherms; Langmuir,
Freundlich and Redlich-Peterson, using the experimental rejection
and flux data. Every 30 min a portion of the process time (At) was
assumed to be an “adsorption stage”. The amount of ions adsorbed
in one adsorption stage was defined as ng; (mg):

Ng; =T'€jl'COFl'AAt (l= 1,2,3, ) (5)

Here i is the stage counter, A is the membrane area in contact with
the flow stream (m?2), F; is the permeate flux (I/(m2h)), ¢g is the
initial cation concentration in the solution (mg/l or ppm) and rej;
is average cation rejection at any adsorption stage. The amount of
each cation adsorbed from the beginning to the ith stage of the
filtration process was defined as n; (mg):

np=nj_j+ng (np=0, i=1,2,3,...) (6)

The equilibrium adsorbed cation per unit mass of the membrane
(M) was indicated as Q. (mg/g):

L
Q= - (7)
The approximate cation’s concentration which is in equilibrium
with the adsorbed phase was defined as C. (ppm):

Ce =Co — Cpi (8)

where ¢ is the permeate concentration in the ith stage of the pro-
cess.

The isotherms fitting results for Fe2*-ion at three pressures are
depicted in Figs. 13-15. For other cations (Ca2* and Mg2*) the fitting
data are not shown.

The results for all pressures indicate that both two-parameter

Freundlich isotherm and three-parameter Redlich-Peterson
* 8bar
0.2 | =-me-- Langmuir
-+--a=- Freundlich
R-P
0.15
)
o
£
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Fig. 13. Isotherms for the sorption of Fe?*-ions using PVD membrane at pressure
8bar and 40°C.
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Fig. 14. Isotherms for the sorption of Fe?*-ions using PVD membrane at pressure
10bar and 40°C.

isotherm with acceptable coefficients of determination (r2) are
able to properly interpret the adsorption mechanism of the
cations. However in some cases the fitting accuracy of the Fre-
undlich isotherm is slightly improved. Frequently R-P isotherm
partially overlaps the Freunlich isotherm. The Langmuir isotherm
is not fitted into the equilibrium data. Based on the isotherm fitting
results, it seems that multilayer adsorption of cations on PVD mem-
brane and the interaction between adsorbed cations should be
considered for process elucidation. The m-value of the Freundlich
isotherm is above unity. This means the sorption of cations may be
a physical process and the membrane adsorption sites are relatively
heterogeneous in nature. The equilibrium parameters of Freundlich
isotherm for adsorption of cations onto the PVD membrane at
40°C and three operating pressures are presented in Table 5.

4.3. Effect of pressure

The exponent “m” in the Freundlich isotherm represents the het-
erogeneity in the adsorption process. This parameter shows the

012 T T T T T T T T .
* 15bar
=-=+=-- Langmuir
0.1 | | ==+ Freundlich b
R-P
0.08
C)
g o006
T
]
0.04
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1 1 1 | 1 1 1 I 1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Ce(ppm)

Fig. 15. Isotherms for the sorption of Fe2*-ions using PVD membrane at pressure
15bar and 40°C.

Table 5

Freundlich isotherm’s equilibrium parameters at different pressures and 40 °C.

Cation Fe?* Ca* Mg?*

8bar k=8.661 k=336 x 106 k=0.00236
m=5.335 m=10.1 m=>5.82

10 bar k=1778 k=0.0348 k=0.0667
m=3.031 m=4.661 m=3.602

15 bar k=1776 k=0.0062 k=0.0641
m=3.025 m=3.861 m=3.015

differences in energy distribution of active adsorption sites which
leads to heterogeneous distribution of adsorbed species on the sur-
face. Larger “m” indicates higher difference in energy and capability
of active sites for adsorption. This means greater heterogeneity.

The factor (m) is decreased with pressure increment (from 8 to
15 bar) in cross-flow filtration of saturated brine using PVD nanofil-
ter at 40°C (Fig. 16) leading to a decline in heterogeneity and an
improvement in homogeneous nature of adsorption of cations on
the membrane surface. However for establishment of a general pat-
tern indicating the effect of pressure on adsorption heterogeneity
extensive experimental data are required. However the observed
trend, i.e. decreasing the heterogeneity factor by increasing the
pressure from 8 to 15bar may be justified due to enhancement
in the turbulence shear stresses on the adsorbing ions and active
adsorption sites on the membrane surface. Moreover the lateral
interaction between adsorbing cations may be weakened leading
to higher attraction of species toward the active sites of the mem-
brane surface. Accordingly greater homogeneous sorption may be
occurred at higher pressures.

The accommodation accuracy of the Freundlich isotherm (r2) is
increased by pressure up to 10 bar and is decreased afterward using
three operating pressure as depicted in Fig. 17. The highest fitting
of Freundlich adsorption isotherm at 10 bar means that ‘adsorption’
may be the most dominant mechanism using membrane compared
to the other possible separation mechanisms including screen-
ing, sieving, drag forces (or inertia) and electrostatic exclusion.
The shear stress on the cations may be improved with increas-
ing pressure from 8 to 10 bar. The excess pressure at 10 bar forces
the cations to proceed closer to the membrane and presumably
adsorb on the surface by adsorptional electrostatic potential field.
By further pressure increment (from 10 to 15 bar), the shear stress is
probably enhanced with an unfavorable effect on adsorption. The
adsorbed cations may easily detach from the membrane surface.

12

—&— |ron

Heterogeneity factor (m)
[e)]
1

| —®— Magnesium

—&— Calcium

0 T T T
0 5 10 15 20

P (bar)

Fig. 16. The heterogeneity factor or m-value of the Freundlich isotherm versus pres-
sure for the cations.
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Fig. 17. The variations of the coefficient of determination (r?) of the Freundlich
isotherm versus pressure for the cations.

Moreover the exposure time of the cations on the membrane which
is required to reach to the equilibrium is decreased. However some
of the cations may be separated from the solution by the membrane
surface due to the appeared shear stress or drag forces at 15 bar.

In qualitative view, the shapes of the isotherms are more like
to linear or favorable [12] type at pressure 10 bar which shows fur-
ther adsorbed amount versus the same ionic concentration at this
pressure. Consequently, an intermediate or average value (10 bar)
was selected as the optimum operating pressure for adsorption of
cations on the PVD nanofiltration membrane.

4.4. Thermodynamic analysis

The Gibbs free energy change (AG°), indicates the degree of the
spontaneity of the adsorption process. For significant adsorption,
the free energy changes of adsorption must be negative. The Gibbs
free energy change of adsorption is defined as:

AG® = —RT In K (9)

where R is universal gas constant (8.314]/(molK)) and T is the
absolute temperature. K is the thermodynamic equilibrium con-
stant, which may be obtained from the intercept of In(Q./Ce) versus
Q. plot [18]. The constant K for adsorption of Fe**-ions onto the
PVD membrane is determined by plotting In(Q./Ce) versus Q. and
extrapolating to zero Q. at three operating temperatures. The
results for Fe2*-ion are depicted in Fig. 18 (not shown for the other
cations).

The most important thermodynamic parameters, i.e. AH®, AS°
and AG° are connected by

AG® = AH° — TAS® (10)

AH° and AS° of adsorption can be determined from the slope and
the intercept of the linear plot of In K versus 1/T, respectively. The
plot of In K versus 1/T for Fe2*-ions is shown in Fig. 19 (not shown for
the other cations). Table 6 presents the thermodynamic parameters
of the cations. The positive value of AH® for each cation, suggests
the endothermal nature of adsorption. AG°® values were negative

Table 6
Comparison of thermodynamic parameters for the sorption of metal cations by PVD
membrane.

Cation AH® (k]/mol) AG° (kJ/mol) AS° (kJ/(mol K))
Fe?* 23 -3.0667 0.018

Ca* 1.172 -3.1213 0.0144

Mg?* 1.711 —3.1488 0.0163

T T T T T T ]

T=20C
Linear 20c

T=30C
= Linear 30c

T=40C
Linear 40c

In(Qe/Ce)

0 002 004 006 008 01 012 014 016 0.18

Qe

Fig. 18. Plots of In(Q./C.) versus Q. for the adsorption of Fe?*-ions on the PVD
membrane at different temperatures.

indicating the adsorption process led to a decrease in Gibbs free
energy. Negative AG° values indicate the feasibility and spontaneity
of the adsorption of the cations. The positive values of AS° reflect
increasing randomness at solid/liquid interface during the sorption
of the cations on the membrane [19].

Comparing the enthalpy and the entropy of adsorption of the
cations indicating the following sequence:

Fe’* > Mg?t > Ca®*

This observation may be justified due to the cation’s charge den-
sity and hydration intensity. All the cations have similar charges
but their ionic radiuses are dissimilar. The charge density of each
cation is defined as the charge to size ratio and indicates its hydra-
tion tendency. Therefore, the cation’s hydration tendency and the
released energy of hydration (Table 2) can be compared as follows:

Fe?™ > Mg?t > Ca?t

Along increasing the cations hydration tendency, the cation’s effec-
tive charge has been screened with more attached water molecules.
This results in a decrease in the capability of the membrane electro-
static field to adsorb the cation. In other words adsorption of Fe2*
with the highest hydration tendency which screens the effective
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1.27 2
R™=0.9995
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Fig. 19. The plot of In K versus 1/T for adsorption thermodynamic study of Fe?*-ions
on the PVD membrane.
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Fig. 20. Plots of the adsorption equilibria of the Fe**-ions on the PVD membrane at
P=8 bar and different temperatures.

charge; requires the most energy for adsorption, i.e. this cation has
maximum adsorption enthalpy.

The hydrated cations carry water molecules toward the mem-
brane surface. These molecules disturb and disarray the adsorbed
layer on the membrane surface, i.e. increasing the entropy. In sum-
mary, the adsorption entropy is increased by cations with higher
charge density and hydration tendency.

4.5. The effect of temperature

The cation sorption on the membrane is endothermal in nature
(AH° >0). In other words temperature is a favorable parameter, i.e.
the final adsorbed amount of each cation is increased with tem-
perature. The effect of temperature on equilibrium adsorption of
FeZ* on the PVD membrane is depicted in Fig. 20 using three oper-
ating temperatures for calculation of the equilibrium adsorption
data. For other cations the same trend was obtained (results are
not shown). However the cation’s mobility may also be enhanced
by increasing the temperature. Disturbing the adsorbed layer due
to further ionic movement, results in a decline in the cations sorp-
tion at the early stages in the filtration process. A superior cation
sorption in this study was obtained at 40°C among three tested
operating temperatures.

5. Conclusion

The adsorption of the saturated brine cations (Fe2*, Mg2* and
CaZ*) onto the nanofiltration PVD membrane was investigated.
Filtration mechanism was cake deposition due to cation sorp-
tion on the membrane. Three isotherms; Langmuir, Freundlich
and Redlich-Peterson were fitted to the equilibrium sorption data.

The empirical Freundlich and Redlich-Peterson isotherms were the
isotherms of choice on the basis of the highest r-squares.

The results indicate that an increment in temperature and pres-
sure improves the sorption of the cations. However at pressures
higher than 10 bar the isotherm’s fitting accuracy is diminished. The
positive values of AH° and the negative values of AG° represent
the endothermal nature and the spontaneity of cations adsorp-
tion. The thermodynamic parameters of the adsorbed cations may
be compared on the basis of ionic charge density and hydration
intensity.
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